The stability and conservation of the sequences of RNA viruses in the field and the high error rates measured in vitro are paradoxical. The field stability indicates that there are very strong selective constraints on sequence diversity. The nature of these constraints is discussed. Apart from constraints on variation in cis-acting RNA and the amino acid sequences of viral proteins, there are other ones relating to the presence of specific dinucleotides such CpG and UpA as well as the importance of RNA secondary structures and RNA degradation rates. Recent other constraints identified in other RNA viruses, such as effects of secondary RNA structure on protein folding or modification of cellular tRNA complements, are also discussed. Using the family Paramyxoviridae, I show that the codon usage pattern (CUP) is (i) specific for each virus species and (ii) that it is markedly different from the host -it does not vary even in vaccine viruses that have been derived by passage in a number of inappropriate host cells. The CUP might thus be an additional constraint on variation, and I propose the concept of codon constellation to indicate the informational content of the sequences of RNA molecules relating not only to stability and structure but also to the efficiency of translation of a viral mRNA resulting from the CUP and the numbers and position of rare codons.
The paradox between stability in the field and error rates measured in vitro It is important to consider the constraints on sequence diversity in RNA viruses because there is a paradox between the measured error rates of the polymerases of these viruses and the remarkable stability that some of the RNA viruses display in the field. The explanation of this paradox remains daunting (Vignuzzi & Andino, 2012) . The high error rate in the replication of the viral RNA genomes has frequently been put forward as an evolutionary advantage because the existence of these viruses as a quasi-species might enhance their ability to adapt to new hosts (Domingo & Holland, 1994; Domingo & WainHobson, 2009 ). In this paper this apparent paradox is discussed at the hand of paramyxoviruses such as measles (MV), mumps (MuV), parainfluenza virus type 5 (PIV5) and type 3 (PIV3). It has been noted that these paramyxoviruses have very stable nucleotide sequences in the field. They do not display the sort of levels of variation that might be expected on the basis of high polymerase error rates and the level of degeneracy of the genetic code. In other words, synonymous mutations are not as frequent as may be expected for these viruses and the rate of their appearance d s (the synonymous substitution rate) and d N (the non-synonymous substitution rate) are low.
The paradox is most easily demonstrated for MV, where both measurements of the error rate and the level of sequence divergence in the field have been assessed (see Box 1). Using the most conservative figures for the potential number of errors that could be generated during one year of endemic circulation of MV, this is 50 000 fold higher than what is actually observed in the field. Based on error rate estimates measured in the laboratory, the MV nucleotide sequence could be completely randomized six times during one year of replication in the field. That this does not happen indicates that there are very strong constraints on sequence diversity. By analysing the usage of synonymous codons in the sequences of paramyxoviruses, I show that the pattern of usage is constant in a given genotype of these viruses. From this and other recently described constraints on RNA virus sequence variation, I propose the concept of codon constellation which states that there is informational content in the usage of synonymous codons, codon pairing and the numbers and positions of rare codons in a viral RNA sequence, that determine not only RNA stability and higher order structure but also affects the efficiency of translation and the correct folding of proteins.
Constraints on the variation of cis-acting sequences
Some of the constraints on RNA virus sequence variation are well understood. Obviously, all RNA viruses need to maintain all the sequence motifs that are important in the replication of their genome such as the promoters for binding of the RNA dependent RNA polymerase (RdRp) at the genome termini. It is also obvious that especially in positive strand RNA viruses, RNA secondary structures that provide replication and packaging signals need to remain conserved. However, in the negative stranded paramyxoviruses, RNA secondary structures are not likely to be important in the genome and antigenome, since they replicate by direct copying of the RNA template bound to the nucleocapsid protein. In this ribonucleoprotein complex (RNP), the viral RNA is contained in a protected fold of the helical assembly of the nucleocapsid proteins (Desfosses et al., 2011) . The genome in these RNPs is modelled to be single stranded and stretched out along the RNP. The Y forms of nucleocapsids as replicative intermediates, which have been visualized for MV (Thorne & Dermott, 1977) , show that newly synthesized RNA is immediately encapsidated during replication. Of course, considerations about higher order RNA structure are applicable to the mRNA transcripts of the paramyxoviruses.
In the paramyxoviruses and other members of the order Mononegavirales, the transcription promoter at the 39end of the negative strand needs also to be conserved, as well as signals for the processing of the RNA transcripts by polyadenylation, co-transcriptional editing signals and signals that control the gradient of gene expression (Lamb & Parks, 2013) . These latter requirements are not absolute. Changing the gene order of vesicular stomatitis virus (Ball et al., 1999) shows that it is possible to maintain a transmissible genetic entity, albeit in vitro. However, growth is very much compromised in these viruses and no natural variants of gene order have been observed. Members of Mononegavirales with a split genome, in which the coding sequence for the RdRp protein is placed on a separate replicating RNA molecule, which makes the virus functionally bipartite (Takeda et al., 2006) , can also be propagated in cells in vitro.
Another potential constraint on sequence variation could be periodicity in the RNA genome, due to its interaction with nucleocapsid protein. In the Paramyxovirinae, it has been shown that the length of the genomes is usually a multiple of six. The so-called rule of six (Calain & Roux, 1993) derives from the genome being packaged in blocks of six nucleotides associated with one copy of the nucleocapsid protein. This leads to each nucleotide being in a specific phase (one to six) with respect to the RNP, which has been shown to be important in gene transcription and editing (Hausmann et al., 1996; Iseni et al., 2002; Kolakofsky et al., 1998) . Comparative sequence analysis for the morbilliviruses, however, has not indicated any preference of the four nucleotides A, G, C or U for phase positions one to six (Rima et al., 2005) . One potential further constraint on sequence variation is derived from the frequency of stop codons in +1 and 21 reading frames being marginally higher than expected (Rima & McFerran, 1997) . It would be energetically favourable that an out-offrame ribosome would encounter a stop codon as soon as Potential replacement rate per annum: Genome size × mutation rate × number of replications= Observed rate: 4 × 10 -4 per nucleotide per annum*** × 15894 = 6 nt changes per annum *The error rate has been measured by passage of virus in vitro in cell culture to be between 9 × 10 -5 (Schrag et al.,1999) and 5 ×10 -6 (Zhang et al., 2013) . The first figure was revised downwards to 4.4 × 10 -5 on theoretical grounds by Sanjuan et al. (2010) **The number of replications required to sustain measles endemically per annum is estimated conservatively by assuming that 26 transmission events take place per annum (2 weeks between infection and transmission) times the number of replications occurring in each patient. This latter figure is essentially unknown but can be estimated as being very high, by assuming a doubling of the input virus (assumed 10 p.f.u.), every 24 h (conservative) for 14 days it is at least 10 × 2 14 = 10 × 16364. The real value is probably orders of magnitude higher.
possible to stop wasting energy in the generation of a nonfunctional protein. This has, so far, not been explored experimentally.
The constraints discussed above are easily understood and their importance has been functionally demonstrated in many experiments. Mutations in the cis-acting sequences of the viruses including promoters, etc., have been shown to be attenuating, deleterious or fully lethal. It is also clear that the sequences of the genomes of RNA viruses or their mRNAs are constrained by the fact that the functionality of the proteins must be maintained, as variations in the viral proteins affects their functionality and the overall fitness of the virus. These constraints have been reviewed exhaustively and will not further be considered here.
Earlier described constraints on dinucleotide frequencies in RNA viruses; CpG suppression Despite the above considerations, the degeneracy of the genetic code would still allow more nucleotide sequence variation than is observed between field isolates. This indicates that there are further constraints, but these are probably less strict and allow levels of violation and tolerance that makes them difficult to verify in vitro. Assessing the effect of breaking these 'rules' may in many cases require extensive studies of pathogenesis of viruses in animal models. Nevertheless, one such weaker constraint, i.e. the suppression of certain dinucleotide frequencies, has been identified, initially by bioinformatics and now has been verified experimentally. In all RNA virus genomes, it has been noted that the dinucleotide CpG is present much less frequently than expected from the G+C content of the genome (Rima & McFerran, 1997; Simmonds et al., 2013) . For DNA genomes, this has been explained since the cytosine base of the CpG is often methylated, and the methylation of CpG dinucleotides in promoter regions provides a form of epigenetic transcriptional control (Bird, 1980; Chandler & Jones, 1988) . Such a methylated C can be deaminated to a T residue giving rise to a mutation which may affect the epigenetic control, or if it occurs elsewhere in coding sequences simply lead to a transition. Mammalian hosts discriminate against high CpG-containing genome DNA from bacteria and other parasites. The parasite recognition functions by stimulation of the innate immune system through pattern recognition receptors and especially the Toll-like receptors (TLRs). Recognition of the deoxydinucleotide CpG by TLR9 has made it into a pathogen associated molecular pattern (PAMP) (Werling & Jungi, 2003) . The ability of mammalian host cells to mount such a response requires that viruses avoid this motif.
CpG ribonucleotide pairs were also shown to be underrepresented in the genomes of RNA viruses, first in poliovirus RNA (Rothberg & Wimmer, 1981) and later in a wider set of RNA viruses including representatives of all the major families (Karlin et al., 1994) . These authors summarized that especially for RNA viruses which had no DNA intermediate in their replication cycle, the standard explanations for CpG suppression, i.e. parasite recognition and control of transcription by methylation of C in CpG in promoter regions, did not apply. Krieg (2000) and colleagues identified an immune-stimulatory DNA motif, RRCGYY, that stimulated innate immunity through interaction with TLR9. In RNA viruses, it was also shown that particularly the most immune-stimulatory oligonucleotide motif RRCGYY (R is purine and Y is pyrimidine) was almost three times less frequently observed in the dataset of 60 RNA viruses than the YYCGRR motif, similar to its suppression in the host genes (Rima & McFerran, 1997) . However, further analysis showed that the preference for YYCGRR was entirely based on the preference of YC and GR dinucleotides in the dataset of RNA virus sequences available at the time (Rima & McFerran, 1997) .
The mechanisms of CpG RNA-induced innate immune responses remain unclear. The interaction of RNA viruses with the innate immune system through TLRs 3, 7 and 8 and others has been well reviewed (Jensen & Thomsen, 2012; Randall & Goodbourn, 2008) as this is a vibrant research area in virology. RNA oligonucleotides rich in GU were shown to be able to act as PAMPs signalling through TLR7 and TLR8 (Forsbach et al., 2008) . Sugiyama et al. (2005) demonstrated that CpG ribodinucleotides were able to stimulate cells from the immune system directly, but they also showed that TLR8 was either not involved or required some hitherto unidentified cofactor, as HEK cells transfected with TLR8 did not respond to the CpG RNA motif. At present, the number of TLRs is 13 and growing, and the ligands for some of these have not yet been identified. Krieg (1996) also commented on the skewed overrepresentation of CpG dinucleotides in the 59 and 39 LTRs of the HIV genome and their low frequency in the remainder of the genome. This was potentially explained by the fact that reverse transcribed DNA generated in the infected lymphocyte during HIV-1 replication could act as a PAMP. However, an alternative explanation for this distribution of CpG dinucleotides in HIV-1 is that it mirrored what was observed in RNA viruses.
Suppression of UpA dinucleotides in the sequences of RNA viruses
The frequency of UpA dinucleotides is also suppressed significantly and sometimes to a greater extent than CpG (Rima & McFerran, 1997) . In contrast to the CpG suppression, no potential explanation could be suggested for the reduced frequency of UpA dinucleotides. However, since 1997, it has been shown that the introduction of UpA dinucleotides reduces the stability of eukaryotic mRNA molecules (Duan & Antezana, 2003) , and this has been suggested to be linked mechanistically to the action of RNase L, which is part of the interferon-induced antiviral activity and specifically cleaves mRNAs after UpA or UpU dinucleotides in the single stranded part of stem-loop structures (Brennan-Laun et al., 2014). One such cleavage product of hepatitis C virus has been shown to be a potent inducer of interferon through RIG-I (Malathi et al., 2010) .
A recent careful analysis paper by the Simmonds group (Atkinson et al., 2014) has now provided direct experimental evidence for the effects on replication of enhancing the frequencies of CpG and UpA dinucleotides in the picornavirus EV7. The authors emphasize the lack of correlation between replication and the frequencies of these dinucleotides, and that the mechanism by which this occurs and the type of evolutionary pressure that this provides are still far from clear.
The suppression of CpG and UpA dinucleotides was shown in both positive and negative stranded RNA viruses, but the strand specificity is irrelevant as UpA and CpG are palindromic.
Other constraints on diversity in the RNA viruses; the need to avoid introduction of viral sequences complementary to cellular RNAs An RNA virus infecting a cell enters the RNA world of that cell and this imposes a substantial but not yet quantified constraint on the sequence of the virus, as it must avoid sequences that are complementary to those of all cellular RNAs. Double-stranded RNA is a PAMP recognized by TLR3, and in the cytoplasm by the helicases of the RIG-I, mda5 and LGP2 family (Randall & Goodbourn, 2008) . Furthermore, cellular enzymes such as DICER that recognize double-stranded RNA are able to generate antisense sequences that silence the expression of mRNAs through selective degradation. Thus, an infecting RNA virus needs to avoid complementarity to all cellular RNAs such as microRNAs, mRNAs, snRNPs, snoRNA, etc., to avoid eliciting RNA interference (Li et al., 2013; Maillard et al., 2013) . MicroRNA seed sequences are only 7 nt in length (Lewis et al., 2003) , e.g. one may be present in a random sequence of 160 00 nt and hence present by chance (if not evolved) in the larger RNA viruses. The importance of this constraint has not been evaluated so far, but it has been demonstrated that introduction of microRNA targets in influenza A virus can reduce viral growth in vitro and in vivo (Langlois et al., 2013) .
The presence and location of rare codons and secondary structures affect the translation of mRNAs Fig. 1 shows a compilation of the minor constraints that may be important in retaining the optimal translation of a viral mRNA. Besides the effects of the introduction of specific dinucleotides, it also shows the effect of the introduction of rare codons in an mRNA and specifically at the 59end of the ORF. Recently published data on the role of rare codons at the 59end of ORFS in bacteria has indicated that their presence may affect the overall level of translation by a hitherto unexpectedly high factor (Goodman et al., 2013) as modification of the rare codon content affected translation levels by 1 to 2 logs. The presence of rare codons at the 59end of an ORF has been suggested to lead to ribosome ramping, where a number of ribosomes are piled up at the start of the ORF before they take off translating the rest of the mRNA (Tuller et al., 2010) . Rare codons, assuming that their corresponding tRNAs are also present in low concentrations in the cell, are -due to the laws of mass action -more likely to be mistranslated and the error rate is raised to 10 23 or 10
24
. The normal error of mischarging is estimated to be 10 25 (Ogle & Ramakrishnan, 2005) . Rare codons may also lead to a local accumulation of stalled ribosomes on an mRNA template (Cannarozzi et al., 2010) .
A further important element in the efficiency of translation and the quality of the resulting protein has been highlighted in studies with HIV-1 that indicate that higher order RNA structures in the genome (mRNA) of HIV-1 are important in linking the folding of a protein with the speed of translation (Watts et al., 2009) . They found that at the borders of important domains of the gag-pol polyprotein, as well as in the envelope protein, there are secondary and tertiary structures in the RNA that may slow down translation and thereby allow proper folding of the nascent protein before folding could potentially be influenced by strings of amino acids downstream of the domain border. This again indicates that there is informational content in the mRNA, which is not directly linked to coding specific amino acid sequences, but that positions and numbers of rare codons as well as higher order RNA structures influence the rates and outcomes of translation of a message.
The complement of tRNAs in the cell
Another easily envisaged constraint on diversity is the need to align the codon usage and sequence of an RNA virus or its mRNAs with the tRNA complement of the infected cell to maximize the efficiency of translation. However, while easily comprehended, this constraint too is not easily demonstrated experimentally. Firstly, it is surprising (or shocking), how little we know about the host cells types that are the main cells infected in many important human and animal virus infections. Furthermore, the main infected cell types do not need to be the ones most pathologically important or important for transmission. The cell types that are most important in initial infection, replication and transmission are often another unknown. Even if we knew which cell types were important, we do not know the tRNA complement of individual cell typesbut we do know that they vary between cell types (Dittmar et al., 2006) . Over 450 tRNA genes have been annotated in the human genome and their relative expression in various cell types is not known. For example, in human hosts it has been demonstrated that mRNAs which are present in cells at high copy numbers and which encode highly expressed proteins have a codon usage that differs from those of other genes (Dittmar et al., 2006) . Viral sequences would be expected to be optimized for high level expression in infected cells and one could envisage that their codon usage would be similar to those of highly expressed cellular proteins, but in the absence of knowledge of the specific cell types that are important and their tRNA complements, it is impossible to make any prediction of the severity of this constraint. Hence, it is difficult to evaluate the recent suggestion that viruses that grow in epithelial cell types evolve more rapidly (Hicks & Duffy, 2014) .
However, that the cellular tRNA complement is important has recently become clear, because it has been shown that HIV-1 modifies the tRNA content of infected cells and that this modification is counteracted by the cellular protein Schlafen-11 through binding to specific tRNAs. As a result, proteins with a codon usage that is similar to that of HIV-1, such as an unmodified version of the ORF encoding GFP, were translated more efficiently in infected cells than the enhanced version of GFP, which has a codon usage optimized for mammalian cells. These experiments show unambiguously that viruses are capable of affecting the tRNA complement in a cell to increase the translation efficiency of their own mRNAs.
Codon order can affect translation efficiency
A further set of recent experiments has indicated that virus growth is impaired and the level of expression of viral proteins is reduced if one alters the order of codons in a viral mRNA. This has been demonstrated directly, using poliovirus as well as influenza virus. In the latter case, changing the codon order but keeping the sequence of the protein as well as the overall codon usage unchanged, but introducing less preferred codon pairs, reduced expression of the HA protein in engineered viruses, and this has been proposed as a rational method for attenuation of viruses (Yang et al., 2013) . The same has been achieved earlier with poliovirus by the same group (Wimmer & Paul, 2011) . Changing the codon order can, of course, influence higher order RNA structures that could be important as described The concept of codon constellation Codon usage and codon-pair context have also been identified as important gene primary structure features that influence the decoding fidelity of an mRNA (Moura et al., 2007) . Large scale comparative codon-pair context analysis has demonstrated the existence of general and species specific codon-pair context rules, which govern evolution of mRNAs in the three domains of life. Fundamental differences between prokaryotic and eukaryotic mRNA decoding rules exist, which are partially independent of codon usage. Moura et al. (2007) identified that, whilst evolution of eubacterial and archeal mRNA primary structure is mainly dependent on constraints imposed by the translational machinery, in eukaryotes DNA methylation and tri-nucleotide repeats impose strong biases on codon-pair context. The methylation is probably irrelevant for RNA viruses, but the strong bias against repeating the same codon in a pair may be important. Cannarozzi et al. (2010) studied the location of synonymous codons in yeast, in relation to their ability to interact with specific tRNAs. They demonstrate the phenomenon of codon correlation in yeast. Their analysis is based on assessing which tRNAs can decode a synonymous codon in a (non-consecutive) pair of codons for a given amino acid. If the two codons can be decoded by the same tRNA, they call this pair 'autocorrelated'. They show that there is a preference in ORFs for reusing synonymous codons that use the same tRNA, if these occur within a certain distance from each other. Their results established that sequences supporting tRNA reusage are expressed more efficiently (up to 30 %) than sequences that require the use of a different tRNA. Bioinformatic analysis showed that this phenomenon also occurs in the human genome and this correlation is strongest in highly expressed genes (Cannarozzi et al., 2010) , and therefore may be relevant for viruses.
The suppression of dinucleotides CpG and UpA is also important in codon pairing in these viruses. The chance of decreasing or keeping the same frequency of CpG in any altered random order that maintained the encoding of the same amino acid sequence for a human protein DRD2 was found to be ,0.0001 (Duan & Antezana, 2003) . Studies demonstrated in positive strand RNA viruses the existence of genome scale ordered RNA secondary structures (GORS) and that their presence was associated with a persistent phenotype of the virus (Davis et al., 2008; Simmonds et al., 2004) . In a recent study on norovirus, the attempted removal of one of these structures highlighted the need to be careful not to change codon usage, but it is difficult not thereby to change the occurrence of codon pairs, potential stability and local secondary structures of the RNA (McFadden et al., 2013) . These results showed that removing such a structure led to attenuation in vivo in mouse models. Virus that persisted in the mice was shown to have synonymous mutations that led to greater levels of potential secondary structure. More recently, studies from the same groups showed that artificial constructs with GORS remarkably reduced signalling of IFN induction mediated through PKR activation . Their analysis focused on positive stranded RNA viruses, but similar arguments could well apply to the mRNAs of some of the negative strand viruses, as some of these, e.g. the mRNA that encodes the RdRp, is of similar length to the picornavirus RNA genomes.
Codon usage patterns (CUPs) in RNA viruses
These observations on the potential importance of codon order in RNA viruses prompted the following initial analysis on codon usage by RNA viruses to see to what extent it mirrored that of their hosts. In order to analyse this, the relative synonymous codon usage (RSCU) has been calculated for each codon in the complete set of (fused) ORFs in a given virus, as described previously (Sharp & Li, 1986) . Thus, for example for arginine, which can be encoded in the standard codon assignment by six codons (CGN and AGA and AGG), the total number of arginine residues has been counted in the ORF, then divided by six to calculate how many codons of each type would be expected if their usage were random and unbiased, and the number of codons of a specific type has then been divided by this number to derive the RSCU. The listing of all the RSCUs in the tables for the ORF(s) in a given virus is then referred to as the CUP. Table 1 shows that for a small selection of RNA viruses, codon usage is very different from that of their host (see Table S1 , available in the online Supplementary Material, The concept of codon constellation The concept of codon constellation for the accession numbers of virus sequences analysed). Neither the CUPs of bovine enterovirus (BEV) or bovine parainfluenza virus type 3 (bPIV3) resemble those of the bovine host. Similarly, the CUPs of poliovirus and human parainfluenza virus type 3 (hPIV3) do not resemble those of the human host. In neither comparison is there any tendency for the human virus to be more like the human host, or the bovine viruses to resemble bovine CUPs. Tick borne encephalitis virus (TBEV) has also been included in Table 1 , as it has to be able to use human as well as tick host cells, and its CUP is different again. This virus also has a remarkable high level of UpA suppression, with an odds ratio of 0.39 (Rima & McFerran, 1997) . The CUP of TBEV reflected this bias, as the UUA, CUA and GUA codons have very low RSCUs ( Table 1 ). The CUP of foot-and-mouth disease virus (FMDV) with an UpA odds ratio of 0.44 also shows extremely low RSCUs for AUA, CUA and GUA. The UUA codon is never used in this virus and only two of ninety-eight Ile residues are encoded by AUA.
A comprehensive analysis of CUPs in the paramyxoviruses
This restricted set of data in Table 1 indicated that there are specific viral CUPs, and in order to analyse this in more detail, the CUPs of a large number of members of the family Paramyxoviridae have been analysed in order to study variations in the CUPs at the family, subfamily, genus and species (clade/genotype) levels. The family has been chosen because they are strict cytoplasmic RNA viruses, and the evolution of its members has been studied extensively because it contains clinically important human viruses and vaccines. For the calculation of the RSCUs, small overlapping ORFs have been ignored as these do not substantially affect the CUPs due to their small size. Table 2 shows that each of the members of the Paramyxoviridae has a different CUP. The table shows mean average values of CUPs for 15 MV, 10 mumps virus (MuV), 9 parainfluenza type 5 (PIV5), 7 human and 6 bovine para-infuenza virus type 3 (h/bPIV3) and 4 Newcastle disease virus (NDV) strains, based on individual CUPs of viruses from different genotypes. The CUPs of the paramyxoviruses have been compared here to the human CUP, because many of these viruses cause infections in human hosts, and stability in the field is often measured only in human epidemics.
Whilst the human CUP has a preference for codons ending in C (NNC), the paramyxoviruses generally prefer NNA codons. This is even the case in the strongly suppressed CGN codons for arginine, which leads to the fast overrepresentation AGA and AGG arginine codons. In the group of CGN codons, CGA is less severely suppressed than CGU and CGG codons and the extremely rare CGC codon. The reduced frequency of the NNC codons is probably explained by the need to avoid CpG dinucleotides in NNC-GNN codon pairs, and essentially the preference of the A in the third position similarly can be explained, because NNU would potentially give rise to UpA in NNU-ANN codon pairs in the genome and/or antigenome of these viruses. Almost all RSCU values of less than 0.50 (marked in red) are for NCG or CGN codons, reflecting the strong CpG suppression. There is no consistent bias in the Paramyxovirinae of NNA+NNG over NNU+NNC codons. However, in all codon groups, the ratio of frequencies of NNU over NNC is about 1.5, and NNA is The concept of codon constellation preferred over NNG by a factor of 1.5. The latter calculation excludes the ratios of NCA over NCG codons, because of the extremely low frequency of NCG resulting from CpG dinucleotide suppression. The preference for NNA codons is particularly strong in the Pneumovirinae (Table S2 ) with exception of the pneumonia virus of mice (PVM) in the pneumovirus genus and turkey rhinotracheitis virus (TRTV) in the metapneumovirus genus. The human and bovine PIV3 dataset (again excluding the NCG sets) again show that NNA codons are used almost three times as frequently as NNG (Table 2) . Analysis of the ratio of A+U over G+C in the third position in glycine, leucine and valine codons (thus ignoring the data on the codons groups that contain NCG) in the Paramyxoviridae shows that with the notable exception of the morbilliviruses, where A+U was equal to G+C, all others showed substantial biases for A+U over G+C in the third position ranging from 1.3 in PIV5 to .2 in the PIV3 dataset. From similar analyses of nucleotide preferences in the third positions of codons, Zhang et al. (2013) concluded for torque teno sus virus 1 that mutagenic pressure alone could not explain the biases in codon usage in that virus, and that natural translational selection probably plays a more important role because of the skewed usage of A and U compared to G and C in the third position in codons.
Whilst the human CUP strongly prefers CUG codons for leucine, the paramyxoviruses prefer UUA, and in general there appears to be no bias against NUA or UAN codons in this virus family. This agrees with the observation that UpA suppression is present in these viruses at a lower level than in other viruses with odds ratios between 0.75 and 0.89 found (Rima & McFerran, 1997) . In the paramyxoviruses, where there is a choice such as in the isoleucine codons, there is a strong preference for the use of the AUA codon and low frequencies of the use of AUC (Table 2) , but for example, this tendency is less strong in the genus Hendravirus (Table S3) , indicating differences between viruses in the family. Table 2 also shows similarities in the CUPs between pneumoviruses, but also details specific differences between respiratory syncytial viruses (RSVs) both from subgroup A and B, and human metapneumoviruses (hMPVs) in subgroups A and B. The avulavirus NDV is an outlier in several instances, and appears to have a less strong bias against CGN and NCG codons than the other viruses. Whether this reflects the non-mammalian NDV host has not been evaluated, but TRTV another avian paramyxovirus of the metapneumovirus genus does not show this. Table 2 shows that whilst all viruses have CUPs very different from those of the human CUP, they all have differences from each other that distinguish the various genera in the family.
Variations in CUPs within a genus
A comparison of the CUPs within the genus Rubulavirus in shown in Table 3 . This is a genus with relatively low levels of amino acid sequence conservation, and the heterogeneity of this genus is also visible in the variation in CUPs. Notably, Mapuera virus has almost no preference for NNA over NNG codons, and the level of CpG suppression in LaPiedad-Michoacan-Mexico virus (LPMV) is quite low. This virus provides the only example in the dataset in which the RSCUs of some the CGN codons are .1.00. Thus in the genus Rubulavirus, there are very distinct patterns of CUP for each of the viruses.
The situation is different in the genus Morbillivirus (Table  4) . This is a much more homogeneous genus containing: MV, rinderpest (RPV), peste-des-petits ruminants (PPRV), cetacean morbillivirus (DMV) and related canine (CDV) and phocine distemper (PDV) viruses (related to each other but further removed from the others) (Barrett et al., 1991) and an outlier, the recently described feline morbillivirus (FeMoV) (Woo et al., 2012) . The newly discovered FeMoV has a CUP more like those of PDV and CDV than of the others, demonstrated by a reversal of codon usage preferences in both the cysteine codons (UGU and UGC) and the lysine codons (AAA and AAG). The CUPs in this genus also indicate the relatively close relationship between MV and RPV, and more distant ones with PPRV, and even more distant with CDV and PDV, which mirrors the phylogenetic analyses performed earlier (Barrett, 1999) . The smaller differences in the CUPs in the genus Morbillivirus as compared to Rubulavirus is indicative of the historical nature of virus classification, which by a lack of criteria based on current sequence analyses has been shown to be somewhat arbitrary. The concept of codon constellation
Small variations between the CUPs within a viral species
The CUPs of various genotypes of MuV and MV have also been determined (Tables S4 and S5 ). Interestingly, it has been possible to genotype one of the MuV strains (Gloucester 1) as belonging to genotype C, on the basis of the similarity of its CUP to that of the Drag strain. In Table  S4 , the variation of various genotypes is indicated if their CUP value for any codon is greater or smaller than 10 % of the value of the average of the 10 MuV strains. If one ignores the codons that contain CpG where the variation in CUP is high because the absolute numbers of these codons are very low, there are only two values with a variation just over 10 % out of the remaining 520. This shows the level of constancy of CUPs for the virus species. This analysis also shows how the values for the recently described bat MuV (Drexler et al., 2012) are quite different, with a very much greater bias against NNC codons and a marked preference for NNA codons. This tendency is not specific for bat hosts, because other viruses such as the rubulaviruses, Menangle virus and Mapuera virus do not show a similar tendency to have high levels of CpG suppression. A similar analysis for MV demonstrates the same, namely that only four out of the 780 values vary just over 10 % from the average, indicating the constancy of the CUP in the various genotypes of MV (Table S5 ). In the case of PIV5, only two values out of 468 vary just over 10 %, even though this analysis includes human, dog and porcine isolates, indicating again that the CUP is a property of the virus and not affected by the host (Table S6) .
Vaccine viruses have a CUP very similar to that of their wild-type virus progenitors virus RBOK, and also for a virus that was adapted to grow in rabbits, the lapinized RPV which was also derived from the Kabete-O strain of RPV. In the case of CDV (Table 4) , the CUP of the Onderstepoort vaccine (OND) varies little from that of the two wild-type viruses CDV A75 and CDV 5804. The level of variation here is within that seen between genotypes of a given virus. The genotype from which CDV OND was derived is not known. The same constancy between vaccine virus and the wild-type is apparent in Table S4 , where the CUP of the MuV Jeryl Lynn vaccine virus is similar to that of the Enders strain of the same genotype (A) of MuV.
Concluding remarks on the concept of codon constellation
The constancy that has been found in the biases in the use of specific codons for a given type of virus is a restating of the observation that synonymous mutations are much rarer than one would expect from the error rates. Both statements attest to a hitherto unrecognized but strong constraint on codon usage in these RNA viruses. The constancy of the pattern of codon usage may display an inherent property of the mRNA that relates to its translation efficiency. Box 2 compiles the above observations. Earlier, Jenkins & Holmes (2003) indicated that natural (translational) selection was a less important factor in RNA viral evolution than mutagenic pressure. Gene length and gene function are generally also considered as factors influencing the CUP. Similar conclusions about the CUPs for influenza A and B viruses have been described earlier (Zhou et al., 2005) . They also described differences in codon usage bias between genes, and it has been suggested that there are differences between the highly expressed structural genes and the enzymes such as RdRp (Jenkins & Holmes, 2003; Zhou et al., 2005) . In the analysis done here, there was no significant difference in CUP between the overall CUP of the fused ORF and that for the L protein (data not shown).
The CUPs for all viruses with in this family are different, the variation between genotypes is small and the vaccine viruses, though often passaged in many different cell types, retain the CUP of their wild-type precursor. Hence, the CUP of a virus appears to be a specific constant property, and it throws light on the relative stability of these viruses and the low levels of synonymous mutation that have been observed as well as their field stability. The constancy of the CUP leads to low values for d s . Whether this affects the significance, given the interpretation of d N /d s ratios to assess potential positive selection, needs to be considered further.
The mechanisms by which the CUP is maintained are not clear. In Box 3, a hidden layer of constraints is postulated between the RNA sequence, the CUP and the protein sequences of a virus. The hidden layer indicates that the viruses maintain a certain codon constellation where the numbers of codons and specifically rare codons, their sequence and pairing and localization in an mRNA has significant informational content. This content can be understood in terms of affecting higher order structure and stability, as well as translatability of the mRNA in terms of the their interaction with tRNAs (Cannarozzi et al., 2010) . They stated 'Observing that eukaryotes have more synonymous tRNAs than prokaryotes, Percudani introduced the parsimony of wobbling rule for eukaryotes. According to this hypothesis, codons only wobble with a synonymous codon when there is no perfect tRNA', and furthermore they observed that 'autocorrelation (non-consecutive repetition of synonymous codons in an RNA sequence) is much stronger between codons read by the same tRNA under the parsimony rules. Thus, our (Cannarozzi et al., 2010) data indicate that the parsimony rule is favoured in vivo. As a second corollary, our findings underline the selection pressure being exerted on codons. Indeed, our data indicate that beyond the selection pressure exerted on the nature of the amino acid being encoded, the codon choice is also under selection'. Potential variations in the tRNA complement of the cells could also play a role. If the findings of Cannarozzi et al. (2010) , on the autocorrelation between 
Observations on Codon Usage Patterns (CUP) in viruses
Vaccine viruses retained the CUP of their wild-type progenitors.
It is possible to genotype a MuV on the bias of its codon preferences.
Bat MuV is an outlier in the MuV strains but the direction of change is not the same as in other bat derived rubulaviruses such as Menangle and Mapuera viruses.
There is a substantial preference for NNA codons in paramyxoviruses as compared to NNG even taking account of the CpG suppression.
The CpG suppression remains but does not apply equally strong to all viruses; for example, NDV and to a certain extent LMPV have lower levels of CpG suppression.
The pneumoviruses are extremists in CpG suppression but others that grow in epithelial cells, suggested to evolve more rapidly (Hicks & Duffy, 2014) , do not follow suit.
CpG suppression affects the CUP very strongly but UpA suppression is not such a clear factor in codon usage in this group of viruses.
All genera and species in the family Paramyxoviridae have a unique CUP profile.
Codon usage is not related to that of the host; exemplified by bovine versus human in PIV3 and picornaviruses.
All viruses display different biases but related ones have a similar bias in codon usage (CUP).
Box 2. CUPs are stable properties of viruses.
The concept of codon constellation non-consecutive synonymous codons and the preference for the reusage of tRNAs that have remained localized in the vicinity of a translating ribosome in yeast, also apply to RNA viruses, they provide an additional constraints on the variation of synonymous codons. However, because of the irreducible interrelationships between RNA stability, structure, CUP and codon localization and pairing, it is difficult to evaluate experimentally the role of each of these. Thus, while the codon constellation in an RNA virus may well be under evolutionary constraint, subtle effects of engineered variations may well only be observable in large expensive experiments in animal model systems.
